1. Introduction {#sec1}
===============

Stochastic mass transport of macromolecules, nanoparticles, and composites in dispersions plays an important role in various fields of modern science.^[@ref1]−[@ref3]^ This molecular process not only reflects intrinsic properties of the diffusing species itself but also can emphasize on the morphology and architecture of environment and allows characterization of chemical and biological phenomena.^[@ref4]−[@ref7]^

The mass transport at the molecular level of anisotropic particles such as gold nanorods (AuNRs) was investigated for understanding the use of these nanoobjects in diagnostic and therapeutic purposes.^[@ref8]−[@ref10]^ In many applications ranging from self-assembly to bioengineering, the thermal energy which dictates the self-diffusion of the particles is comparable to the interaction energy at the nanoscale.^[@ref11]^ Furthermore, functional gold nanoparticles (AuNPs) modified with thermosensitive brushes recently have been of considerable interest because of their applications for catalysis and photooptic devices.^[@ref12]^ Hybrid nanoparticles of core--shell microgels consisting of spherical AuNPs cores and cross-linked poly-*N*-isopropylacrylamide (PNIPAm) shells were investigated by dynamic light scattering (DLS) and UV--vis spectroscopy.^[@ref13]^ The effects of temperature and cross-linking density were studied and the molar mass of the hybrid particles as well as the refractive index of the thermoresponsive shells where measured. Moreover, the optomechanical actuation of AuNRs homogenously coated with a microgel shell of cross-linked PNIPAm was also studied by UV--vis spectroscopy and transmission electron microscopy (TEM).^[@ref14]^ Irradiation with a near-infrared (NIR) laser can be sensed by AuNRs inducing reversible size switching of core--shell nanocomposites. The dependence of the effective hydrodynamic diameter of the AuNRs assumed to be spherical as a function of the dispersion temperature was determined by DLS. Nevertheless, the process of temperature-induced phase transition was not characterized by its specific thermodynamic parameters. Furthermore, stimuli-responsive polymers tethered on the AuNPs will open new possibilities for temperature-controlled nanoheater applications induced by NIR irradiation.^[@ref15],[@ref16]^ To this point, soft microrobots employing nonequilibrium actuation via plasmonic heating were developed.^[@ref17]^

Anisometric nanoparticles can be characterized by translational and rotational diffusivity that were measured by normalized intensity autocorrelation function in DLS experiments.^[@ref18],[@ref19]^ The scattered centers in DLS measurements are represented by nanoparticles with the diffusivity affected by molecular weight, grafting density, and end-group functionalization of polymer brushes. In standard DLS experiments, only light scattered with polarization parallel to the incident beam is measured (vertical--vertical (VV) geometry), whereas with depolarized DLS, the polarization perpendicular to the incident light (horizontal--vertical geometry) is detected. The last technique proved to be efficient for separate measurement of translational (*D*~t~) and rotational (*D*~r~) diffusivity of anisotropic nanoparticles.^[@ref20]−[@ref23]^ The sensitivity of *D*~t~ and *D*~r~ diffusivity to the nanorods aspect ratio *L*/*d*, where *L* is the length and *d* is the diameter of the rod can be used for establishing the validity of the hydrodynamic models of diffusivity.^[@ref24]−[@ref30]^ Moreover, the translational and rotational diffusivity of gold colloids are sensitive to nanoparticle aggregation.^[@ref31],[@ref32]^

High-resolution NMR spectroscopy and relaxometry were recently used for investigation of the temperature-induced phase transition of asymmetrically end-functionalized PNIPAm with hydrophobic benzyl and thiol groups (hereafter Bn-PNIPAm-SH) as well as with a hydrophilic NIPAm-like end group (hereafter NIPAm-PNIPAm-SH) for both free polymer and tethered brushes onto AuNRs in aqueous dispersions.^[@ref33],[@ref34]^ The NMR observable represented by spectral integral intensity reflects changes in transverse relaxation times as an indicator of the polymer chain conformations and dynamics.^[@ref33]^ For this purpose, a two-state statistical model of thermodynamic observables was developed valid in the temperature region of phase transition. A strong dependence of transition temperature, transition entropy, and the width of transition on hydrophilic/hydrophobic end-groups was detected.^[@ref32],[@ref33]^ The two-state approach was also applied to describe phase transition revealed by self-diffusion coefficients of NIPAm-PNIPAm-SH and Bn-PNIPAm-SH free polymers in aqueous dispersions.^[@ref35]^

To the best of our knowledge, there are no reported studies of gold metal by NMR at ambient temperatures. Gold (Au) has a single isotope, ^197^Au, with 100% natural abundance and the nuclear spin *I* = 3/2. Because of its quadrupole moment, a fast quadrupole relaxation is present at ambient temperature inducing extremely broad and weak NMR resonances, and therefore, NMR spectra and relaxation were reported in gold metal only in the temperature range 1--4 K.^[@ref36]^ Hence, the self-diffusion of AuNPs by NMR diffusometry in conditions relevant for basic studies and applications can be performed only on nanocomposites using the tethered polymer brushes as NMR markers.

The aim of this study is to investigate by DLS and high-resolution NMR diffusometry the self-diffusion of AuNR--PNIPAm composites. The diffusivity of AuNR composites was investigated in the region of temperature-induced phase transition of stimuli-responsive R-PNIPAm-SH polymer brushes onto AuNRs, in aqueous dispersion with hydrophilic (R = NIPAm-like), and hydrophobic (R = Bn) end groups. The measured quantity is the translational diffusivity of AuNR nanocomposites in the isotropic concentrated regime using the proton NMR signals of the polymer brush as a marker. Translational and rotational diffusion coefficients were measured by DLS, in the dilute regime of the same series of AuNR nanocomposites. The temperature dependence of the diffusion coefficients for different brush molecular weights reveals the temperature dependence of the brush thickness.

2. Theory {#sec2}
=========

2.1. Translational and Rotational Diffusivities of AuNRs with Thermoresponsive Brushes in Dilute Dispersion {#sec2.1}
-----------------------------------------------------------------------------------------------------------

When rod-like nanoparticles, for example, a AuNR in dilute regime is diffusing in an unbound fluid, its translational diffusion coefficients along (easy direction) and perpendicular (hard directions) to the rod axis are given by^[@ref24]−[@ref30]^andwhere *k*~B~ is the Boltzmann constant, *T* is the absolute temperature, and η is the temperature-dependent viscosity of the dispersion medium. The aspect ratio of the nanorod is defined as *p* = *L*/*d*, where *L* and *d* are the length and effective diameter of the rod, respectively. In the case of PNIPAm brushes tethered onto nanorods, we can write *d* = *d*~0~ + 2*z*(*T*), where *d*~0~ is the diameter of bare rod and *z*(*T*) is the thickness of the thermoresponsive brush. As will be discussed later for our AuNRs, the inequality *L* ≫ 2*z* is fulfilled and hence, *L* + 2*z* ≈ *L*. End-effect coefficients are denoted by *e*~∥~ and *e*~⊥~.^[@ref27]^ The end-effect coefficients are function of aspect ratio *p* and converge to asymptotic values when *p* → ∞.

The translational diffusivity tensor in the rod principal axis system representation moving into an isotropic medium is given bywhere *D*~T~^∥^ and *D*~T~^⊥^ correspond to fast and slow translational diffusivity, respectively.^[@ref29],[@ref30]^ The nanorods in the dilute, semidilute, or concentrated dispersions do not have preferential orientation and thus, the isotropic component of the diffusivity tensor is measured. The translational diffusivity of the rod center of mass can be written as

From the above equation and [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, we finally yield

Lang and co-workers^[@ref21]^ used for DLS of AuNRs with low aspect ratios the following relation for end-effect correction as second-order polynomials in 1/*p*valid for the aspect ratio range 2 \< *p* \< 20.^[@ref26],[@ref27]^ Finally, we can writewhere temperature-dependent aspect ratio function is given by

Similar arguments can be applied for rotational diffusivity and we can write^[@ref21]^where

The polymer brush temperature-induced phase transition will affect the above aspect functions by the temperature dependence of the brush thickness *z*(*T*). Furthermore, the effect of the hydrophilic or hydrophobic end-groups of the brushes is mainly included in the above relationship of diffusivities by the brush thickness. This effect is related to the hydrodynamic interactions that affect the nanorods diffusion. The motion of one of the brush units accompanies motions of the adjacent solvent molecules. Their effect propagates to another brush monomeric unit to facilitate its motion in the same direction.^[@ref30]^ This interaction is affected by the hydrophilic/hydrophobic character of tethered polymer end-groups and it was detected for linear, free PNIPAm with NIPAm-like and benzyl end groups.^[@ref35]^ Hence, it is expected to be also present for PNIPAm brushes tethered onto AuNRs. In the following, we will assume the end-groups effect to be the same for both translational and rotational diffusivities.

2.2. Effective Hydrodynamic Radius of AuNRs with Thermoresponsive Brushes in Dilute Dispersion {#sec2.2}
----------------------------------------------------------------------------------------------

An effective hydrodynamic radius (*R*~H~) of the nanorods in dispersion can be computed from the center-of-mass diffusivity [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and is given by^[@ref30]^

The constant *e*, the result of the end-rod effect, is around *e* ≈ 0.3, (see [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}). The aspect ratio for a thermoresponsive brush depends on the molecular weight, grafting density, and temperature via the brush thickness *z*. In the approximation of the two-state model,^[@ref33]^ we assume that the temperature dependence of the statistical average of brush thickness *z*(*T*) in the process of swollen-collapsed polymer chains can be described by the relationshipwhere *z*~swollen~ and *z*~collapsed~ correspond to the brush thickness for swollen and collapsed polymer chains, respectively. The thermodynamic parameters of phase transition are given by *T*~t~ and \|Δ*S*\|/*k*~B~, where *T*~t~ is transition temperature and \|Δ*S*\|/*k*~B~, is the normalized entropy change. More elaborate theories describing the collapse of thermoresponsive brushes were published as for instance that of ref ([@ref36]).

2.3. Translational Diffusivities of AuNRs with Thermoresponsive Brushes in Isotropic Concentrated Dispersion {#sec2.3}
------------------------------------------------------------------------------------------------------------

We shall discuss in the following the translational diffusion that is accessed by NMR diffusometry for AuNRs composites with polymer brushes, in the regime of isotropic concentrated dispersions. The motion of the AuNRs parallel to the tube axis ("easy" direction) is not hindered by the neighboring rods that define the tube.^[@ref29]^ Hence, the parallel translational diffusion component *D*~T~^∥^ will have value close to that of diffusivity tensor component in dilute dispersion. Moreover, the perpendicular components *D*~T~^⊥^ related to the "hard" translational directions, are very small (*D*~T~^⊥^ ≈ 0) provided the small-scale rod motion of order of tube diameter. Thus, in the regime of nanorod isotropic concentrated dispersions where entanglement effects are present, we can write for the diffusivity tensor

The nanorods in the isotropic concentrated dispersions do not have preferential orientation and thus the relevant isotropic component of the diffusivity tensor is measured, that is,

Using the results for the dilute solution [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, we yieldwhere the polynomial coefficients of the end-effect corrections are *A* = −0.207, *B* = 0.980, and *C* = −0.133.^[@ref27]^

3. Materials and Methods {#sec3}
========================

3.1. Synthesis of AuNRs and Functionalization with PNIPAm Brushes {#sec3.1}
-----------------------------------------------------------------

Cetyltrimethylammonium bromide (CTAB)-stabilized AuNRs were synthetized according to the literature.^[@ref33]−[@ref35]^ The surface functionalization with α-ω-heterobifunctional, tiol-bearing PNIPAm having a hydrophobic end group (Bn-PNIPAm-SH) or a hydrophilic NIPAm-like end group (NIPAm-PNIPAm-SH) was done as recently reported.^[@ref33]−[@ref35]^ For more information, see also [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf), Section S1.

3.2. Inductively Coupled Plasma Atom Emission Spectroscopy {#sec3.2}
----------------------------------------------------------

The concentration of elemental gold in aqueous AuNR--CTAB dispersion was determined using an inductively coupled plasma atom emission spectroscopy (ICP--AES) Plasma 400 (Fa. PerkinElmer). AuNR--CTAB (100 μL) were vortexed for a couple of minutes. Three milliliters of HCl solution (30%, Suprapur, Fa. Merck) and 1 mL of HNO~3~ solution (65%, Suprapur, Fa. Merck) were added, and the samples were placed in PTFE vessels (Type XP 1500) and treated in the microwave (Mars 5, Fa. CEM). The clear solutions were finally diluted to 20 mL with deionized water and the gold content was determined using the Wolle 800W software. The effective AuNRs weight concentration (*c*~AuNRs~) was determined from three different AuNR--CTAB dispersions.

3.3. UV--Vis Spectrophotometry {#sec3.3}
------------------------------

UV--vis spectra were recorded on a JASCO V-630 spectrophotometer connected to a Huber Pilot-ONE "Petite Fleur" thermostat using silicone oil (temperature range −40 to 110 °C) as thermofluid. Absorbance (Abs. in arbitrary units, abbreviated as arb. units) was measured in quartz glass cuvettes (*d* = 10 mm) with a scan speed of 1000 nm/min at fast response (data pitch = 1 nm). Spectrum analyses were evaluated using the JASCO spectrum manager software (version 2).

3.4. Transmission Electron Microscopy {#sec3.4}
-------------------------------------

TEM micrographs were taken on a Carl Zeiss Libra 120 microscope equipped with an in-column energy filter. The electron beam accelerating voltage was set at 120 kV. A drop of the sample was trickled on a carbon-coated copper grid. Before being placed into the TEM specimen holder, the copper grid was air-dried under ambient conditions. We estimated the average dimensions of the AuNRs: the length of *L* = 70 nm and diameter of *d* = 16 nm that gives an average aspect ratio of 4.4.

3.5. DLS Measurement {#sec3.5}
--------------------

Temperature-induced phase transition reflected in translational diffusivity and hence, into effective hydrodynamic radius (*R*~H~) was determined by photon correlation spectroscopy (fluorescence correlation spectroscopy) using a Zetasizer Nano ZS (Fa. Malvern) at a laser wavelength λ = 633 nm. We have measured the light scattered at the angle θ = 173° with polarization parallel to the incident beam, that is, in the VV geometry. Purified AuNRs--PNIPAm dispersions with a concentration of 0.1 mg mL^--1^ have been typically used as stock. The temperature range of 20--50 °C was used determining the diffusion coefficient from the decay of normalized intensity autocorrelation function. The water bath temperature was controlled to a precision of ±0.1 °C. For individual DLS measurements in the heating mode, individual data were collected within temperature steps of 1 °C. At each temperature, an equilibration time of 10 min was allowed. The heating rate was set to 1 °C/min. The dispersions were sufficiently dilute (i.e., 0.1 mg mL^--1^) to diminish multiple scattering. At each temperature, three data points were taken, and the average from these measurements was presented.

3.6. High-Resolution NMR Spectroscopy and Diffusometry {#sec3.6}
------------------------------------------------------

Proton high-resolution magic-angle sample spinning (HRMAS) NMR on NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes onto AuNRs were recorded on a wide bore AV700 Bruker NMR spectrometer operating at frequency of 700.2378 MHz, equipped with a cross-polarization MAS probe with a 3.2 mm rotor. The rotor frequency was set at 5 kHz. All the ^1^H HRMAS spectra were externally referenced to tetramethylsilane. For all measurements, the recycle delay was 7 s, the radio-frequency pulse length was 1.9 μs, while the dwell time was 10 μs, and the number of scans was 64. The time domain data were 4k, and the zero filling was done with 16k.

The apparent diffusivity *D* of PNIPAm brushes onto AuNRs were measured using the AV700 Bruker NMR wide bore spectrometer with a Diff50 Bruker unit by pulsed-field-gradient stimulated echo (PFGSE) sequence of Stejskal--Tanner.^[@ref38]^ The experiment is two-dimensional, by recording the dependence of the NMR peak integral intensity upon the applied field gradient strength. The apparent diffusivity was obtained by fitting the normalized stimulated spin echo decay as a function of gradient strength *g* to the Stejskal--Tanner equation^[@ref37]^where we employ the convention *q* = γδ*g*, for the diffusion wave vector.^[@ref2]−[@ref4]^ In the above equation, *I*(*g*) is the integral intensity of the methyl peak or aliphatic spectral region obtained by the Fourier transform of the half decay of stimulated echo at a given value of magnetic field gradient *g*, and *I*~0~ is the integral intensity for small values of field gradient value compared with the maximum of the gradient strength *g*~max~. [Equation [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"} can be rewritten aswhere the quantity *b* is defined as and magnetogyric ratio γ has the units of rad s^--1^ T^--1^. The duration of the gradient pulse is denoted by δ, and Δ is the diffusion time defined as the time interval between the gradient pulses. In all the ^1^H high-resolution NMR diffusometry experiments reported in this study, the delays were set to δ = 2 ms and Δ = 20 ms. A field gradient *g* in the *z* direction was applied, incremented in 16 steps in a linear ramp from 2 to 95% of maximum field gradient in the range of *g*~max~ = (1--10) T/m. The stimulated echo decay was collected into 16k data points and Fourier transformed by applying zero filling to 32k data points and an exponential window function with a line broadening factor of 5 Hz. A relaxation delay of 7 s was used with a spectral window of 6 kHz. For all NMR measurements made in deuterated aqueous dispersions, the PNIPAm concentration was 50 mg mL^--1^. For both CPMAS 3.2 and Diff50 NMR probeheads, the temperature calibration was made using neat ethylene glycol chemical shift resonances. The intensity of the NMR free-induction decay and hence, the detected normalized stimulated echo is proportional to the Curie factor and therefore, depends on the inverse of temperature. We will neglect in the following this dependence in the limited range of temperatures 10--55 °C used in our NMR measurements. The sample temperature was controlled by gradient cooling system to avoid convection effects induced by small temperature gradient in the radio-frequency insert.

The use of NMR spectroscopy has the advantage of a small effect of radio-frequency field on gold dispersions functionalized with polymer brushes. The gold has a skin depth of δ = 2.85 μm at the frequency of 700 MHz, and therefore, the induced heat is produced in bulk not only at the surface of AuNRs with *d* = 16 nm. The induced radio-frequency energy is reduced and dissipated due to short pulses of the order of few microseconds and long recycle delays of the order of several seconds. Hence, in a good approximation the temperature gradient along the polymer brushes can be neglected.

4. Results and Discussion {#sec4}
=========================

4.1. Dilute, Semidilute, and Isotropic Concentrated Dispersions of AuNRs {#sec4.1}
------------------------------------------------------------------------

Static and dynamic properties of gold AuNRs in aqueous dispersion depend essentially on the number of AuNRs in unit volume denoted by ν relative to a critic value ν\*. The last quantity is of the same order of magnitude as ν~2~, the inverse of the excluded volume between the nanorods.^[@ref29]^ This is defined as ν~2~ = 1/*dL*^2^, where *L* is the length of the rod and *d* is its diameter.^[@ref29]^

From the TEM micrograph shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, the AuNR average dimensions are *L* ≅ 70 nm and *d* ≅ 16 nm^[@ref33]^ that allows estimating the excluded volume to be ν~2~ ≈ 8.9 × 10^23^ m^--3^. The number of AuNRs per volume is given by^[@ref29]^where *c*~AuNRs~ is the concentration of the AuNR composite, *N*~A~ is the Avogadro number, and *M*~n~^Au^ is the gold molecular weight. Depending on the relative values of ν, ν\*, and ν~2~, different concentration regimes can be reached: (i) dilute, (ii) semidilute, (iii) isotropic concentrated dispersion, and (iv) liquid crystalline dispersion.^[@ref29]^ In the above classification for ν ≥ ν~2~ \[case (iii)\] or ν ≥ ν\*, \[case (iv)\], the possible aggregation effects were neglected.

![TEM micrograph of AuNR--PNIPAm dispersions in water: (a) single AuNR showing a PNIPAm brush rim, (b) AuNR--PNIPAm with *c*~AuNRs~ = 0.1 mg mL^--1^, (c) AuNR--PNIPAm with *c*~AuNRs~ = 1 mg mL^--1^, and (d) AuNR--PNIPAm with weight concentration *c*~AuNRs~ = 50 mg mL^--1^.](la8b01289_0001){#fig1}

In this study the AuNR weight concentrations of *c*~AuNRs~ = 0.1, 1, and 50 mg mL^--1^ were used. The number of AuNRs per unit volume ν estimated using [eq [18](#eq18){ref-type="disp-formula"}](#eq18){ref-type="disp-formula"} is given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} together with the average number *N*~AuNRs~ of AuNRs per μm^3^, measured by ICP--AES.

###### Number of AuNRs per Unit Volume ν Estimated by [Eq [18](#eq18){ref-type="disp-formula"}](#eq18){ref-type="disp-formula"}, and Average Number of AuNRs per μm^3^ Measured by ICP--AES for Different Weight Concentration[a](#t1fn1){ref-type="table-fn"}

  *c*~AuNR~ \[mg mL^--1^\][b](#t1fn2){ref-type="table-fn"}   ν \[m^--3^\][c](#t1fn3){ref-type="table-fn"}    *N*~AuNRs~ \[μm^--3^\][a](#t1fn1){ref-type="table-fn"}
  ---------------------------------------------------------- ----------------------------------------------- --------------------------------------------------------
  0.1                                                        3.1 × 10^23^                                    0.7
  1                                                          3.1 × 10^24^                                    7
  1.3[b](#t1fn2){ref-type="table-fn"}                        4.03 × 10^24^[b](#t1fn2){ref-type="table-fn"}   9
  50                                                         15.5 × 10^25^                                   345

The As-Prepared AuNRs have the Concentration *c*~AuNR~ = 1.3 mg mL^--1^.

As-prepared AuNRs--CTAB dispersion measured by ICP--AES.

Calculated by [eq [18](#eq18){ref-type="disp-formula"}](#eq18){ref-type="disp-formula"}, rod dimensions measured by TEM (*V*~AuNR~ = 17 220.16 nm^3^), gold density ρ~Au~ = 19.3 g/cm^3^, and *M*~n~^Au^ = 196.96 g mol^--1^.

The TEM micrograph shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b--d follows qualitatively the ν and *N*~AuNRs~ trends of the values given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c corresponds to the semidilute AuNRs solution where ν \< ν~2~ and isotropic concentrated solution ν \> ν~2~, respectively. The regime of isotropic concentrated dispersion is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d at *c*~AuNRs~ = 50 mg mL^--1^. In spite of the large number of AuNRs, that is, *N*~AuNRs~ ≈ 345 nanorods/μm^3^, (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), the nanorods aggregation and liquid crystal behavior were not detected. The ^1^H HRNMR diffusometry measurements made for AuNRs with concentration of *c*~AuNRs~ = 50 mg mL^--1^ proves that the rods are not aggregated in the overall temperature range investigated (see below).

The correlation between aggregation of AuNRs, dispersion concentration, temperature, and presence of free PNIPAm was also investigated by UV--vis and sample photographs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Purified AuNR dispersions, free of unbound polymer, show no thermally induced aggregation upon heating above the low critical solution temperature (LCST) of the PNIPAm tethers (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The UV--vis spectrum at 50 °C shows a slight decrease in the absorbance and a minor hypochromic shift of 6 nm of the longitudinal surface plasmon resonance band. We assign this to polarity changes due to the collapsed, dense PNIPAm shell on the AuNR surface. Moreover, even at high concentration, no AuNRs aggregation could be observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). We address this effect to the present negative repulsive surface charges as the PNIPAm brush is already collapsed at 50 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c left-hand side).^[@ref12]^ This behavior is consistent with recently reported literature on PNIPAm-modified AuNP, where a free polymer was found to induce nanoparticle association.^[@ref39],[@ref40]^ Also in the case reported here, the addition of unbound sulfur-free PNIPAm triggers the particle aggregation, independent of the PNIPAm end group ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c).^[@ref40]^ Nevertheless, the association process is reversible by cooling the dispersion back to 20 °C (*T* \< LCST), shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, right-hand side.^[@ref40]^

![(a) UV--vis absorption spectra of Bn-PNIPAm-SH brushes onto AuNRs in aqueous dispersion with *c*~AuNRs~ = 1 mg mL^--1^ at 20 °C (solid line) and 50 °C (dotted line). The polymer molecular weight is *M*~n~ = 30 000 g mol^--1^. The inset shows the photograph of the corresponding aqueous dispersion that is temperature-independent. (b) Photographs of Bn-PNIPAm-SH brushes (*M*~n~ = 30 000 g mol^--1^) onto AuNRs in purified aqueous dispersion with *c*~AuNRs~ = 50 mg mL^--1^ at 20 and 50 °C. (c) Photographs of Bn-PNIPAm-SH brushes (*M*~n~ = 12 500 g mol^--1^) onto AuNRs in purified aqueous dispersion with *c*~AuNRs~ = 1.3 mg mL^--1^ (*V* = 500 μL) at 20 and 50 °C (left-hand side) and after addition of 12.5 mg sulphur-free PNIPAm (*M*~n~ = 12 500 g mol^--1^) at 50 °C and after cooling back to 20 °C (right-hand side).](la8b01289_0002){#fig2}

4.2. Grafting Density of PNIPAm Brushes onto AuNRs {#sec4.2}
--------------------------------------------------

The number of bound PNIPAm per unit surface area, that is, grafting density σ, is a critical feature to consider for diffusion of nanoparticles with polymer brushes and colloidal stability of nanoparticles.^[@ref41]^ Besides many other analytical methods NMR spectroscopy can be effective in the measurements of surface coverage.^[@ref42]−[@ref44]^ We discuss in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf) the details of the HRMAS NMR spectroscopy applied to the measurements of the PNIPAm grafting density in the case of AuNRs. The final relation used for grafting density evaluation is given bywhere *V*~D~2~O~ is the dispersion volume of deuterated water in mL, *m*~AuNRs~ is the mass of AuNRs in mg, and *M*~Au~ is the molecular weight of gold in g mol^--1^. The ratio *r* is defined as where the NMR peak integrals under methyl CH~3~-- of PNIPAm and partially deuterated water (HDO) are denoted by *I*~CH~3~~ and *I*~HDO~, respectively (see Figure S1 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf)). The internal reference is given by the HDO NMR peak. The integral peak ratio for a series of NIPAm-PNIPAm-SH brushes onto AuNRs with different molecular weights is given in Table S1 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf). The grafting density for NIPAm-PNIPAm-SH brushes onto AuNRs measured by ^1^H HRMAS NMR spectroscopy is shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. High-resolution TEM micrograph of AuNRs--PNIPAm nanocomposites shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a proves the existence of a uniform grafting. This represents the validity condition of [eq [19](#eq19){ref-type="disp-formula"}](#eq19){ref-type="disp-formula"} used for evaluation of grafting density shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Grafting Density vs *M*~n~ for NIPAm-PNIPAm-SH Brushes onto AuNRs Measured by ^1^H HRMAS NMR Spectroscopy

  *M*~n~ \[g mol^--1^\]   σ[a](#t2fn1){ref-type="table-fn"} \[chains/nm^2^\]
  ----------------------- ----------------------------------------------------
  4000                    0.011
  12 500                  0.023
  30 000                  0.0038

Estimated errors of the order of 20%.

The grafting density reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} can be compared with those obtained by neutron reflection for PNIPAm grafted onto a flat gold substrate.^[@ref45]^ For instance, for PNIPAm with a molecular weight of 33 000 g mol^--1^, the reported grafting density in ref ([@ref45]) is σ = 0.0063 chains/nm^2^. Tacking into account the differences in brush architecture onto AuNRs and flat gold surfaces as well as the accuracy in the methods used for σ measurements, we estimate that NMR spectroscopy can obtain reliable results. It can be noted that no significant differences were observed in the PNIPAm grafting density for low molecular weights. The grafting density values for Bn-PNIPAm-SH brushes onto AuNRs are of the same order of magnitude as those of NIPAm-PNIPAm-SH polymers.

4.3. Translational and Rotational Diffusion of AuNRs Composites by DLS. The Effect of End-Group Functionalization {#sec4.3}
-----------------------------------------------------------------------------------------------------------------

DLS can measure directly the diffusivities of the composite nanoparticles in the dilute regime represented by AuNRs modified with PNIPAm brushes. This technique gives access to the normalized electric field autocorrelation function *g*~1~(*t*) = (*g*~2~(*t*) -- 1)^1/2^, of optically isotropic rods where *g*~2~(τ) is the normalized intensity field autocorrelation function.^[@ref18]−[@ref20]^ In DLS experiments with VV geometry, the *g*~1~(*t*) function can be expanded as a weighted sum of exponential decay^[@ref18]−[@ref20]^where *S*~*i*~(*qL*), (*i* = 0,2) are the scattering amplitudes fulfilling the condition *S*~0~ + *S*~2~ = 1. In [eq [20](#eq20){ref-type="disp-formula"}](#eq20){ref-type="disp-formula"}, *q* is the magnitude of the wave scattering vector given by , where *n*~s~ is the real part of the refractive index of solvent, λ~0~ is the vacuum wavelength of radiation, and θ is the scattering angle. For *qL* \< 2, the scattering amplitudes fulfill the condition *S*~2~(*qL*) \< *S*~0~(*qL*).^[@ref46]^ Nevertheless, as was discussed in ref ([@ref22]), *S*~0~ and *S*~2~ can be considered as fit parameters that will generate effective translational and rotational diffusivities. The relaxation rates defined by Γ~1~ = *q*^2^*D*~T~ and Γ~2~ = *q*^2^*D*~T~ + 6*D*~R~ fulfill the condition Γ~2~ \> Γ~1~ and gives access to *D*~T~ and *D*~R~ diffusivities of AuNRs. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the *g*~1~(*t*) decays for AuNRs modified with NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes at 15 and 63 °C. The samples shown in these figure have the extreme values of the polymer molecular weight used in this investigation. Relaxation rates are faster for hydrophobic benzyl end groups compared with the hydrophilic NIPAm-like end groups. This can be correlated with the values of hydrodynamic drag coefficients.^[@ref35]^ For instance, the drag coefficient ξ measured by NMR diffusometry have the values of ξ = 12.9 × 10^--11^ J s m^--2^ K^--2^ and ξ = 191.4 × 10^--11^ J s m^--2^ K^--2^ for Bn-PNIPAm-SH (*M*~n~ = 30 000 g mol^--1^) and NIPAm-PNIPAm-SH (*M*~n~ = 45 000 g mol^--1^) brushes, respectively. The grafting density for both PNIPAm types onto AuNRs are in the same range and cannot explain the large differences between the diffusivities of NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes (see below).

![Electrical field autocorrelation function decays measured by DLS, for AuNRs with NIPAm-PNIPAm-SH brushes at 15 and 63 °C. The brush molecular weights are (a) *M*~n~ = 4000 g mol^--1^ and (b) *M*~n~ = 45 000 g mol^--1^. In (c,d) the same dependences are shown for Bn-PNIPAm-SH brushes onto AuNRs with comparable molecular weights.](la8b01289_0003){#fig3}

The distribution functions of the relaxation rates Γ~1,2~ and implicitly of the AuNRs diffusivities can be obtained from the *g*~1~(*t*) decays using the inverse Laplace transform (ILT).^[@ref4],[@ref19]^ These normalized distribution probability as a function of temperature are shown in Figure S2 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf). The presence of three intense peaks in the normalized probability as a function of relaxation rate Γ can be explained by the experimental errors present in the tail of the decay function and possible numerical artifacts generated by the ILT procedure.^[@ref4]^ Furthermore, the supplementary peak can originate from the presence of free PNIPAm in the AuNRs dispersion. However, we can note that the dispersions were extensively purified by multiple centrifugation and redispersion steps and therefore, free PNIPAm was not detected by ^1^H HRNMR diffusometry decays (see below).

The temperature dependence of translational and rotational diffusivities for nanocomposite AuNRs with NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b and 4c,d, respectively. The temperature-dependent factor *T*/η(*T*), that occurs in [eqs [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and [9](#eq9){ref-type="disp-formula"} dominates the temperature dependence of *D*~T~ and *D*~R~. The temperature dependence of viscosity is taken from ref . A weak phase transition can be detected mainly in the temperature dependence of rotational diffusion coefficients ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,d). The brush phase transition is encoded into effective aspect functions *A*~T,eff~ and *A*~R,eff~, shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. As revealed by [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, the aspect functions depend on aspect ratio *p* = *L*/*d*, where *d* = *d*~0~ + 2*z*(*T*). Taking into account that the temperature dependence of the rod length *L* and bare rod-diameter *d*~0~, the fact can be neglected that in a good approximation the brush thickness *z*(*T*) reflects the process of phase transition.

![Temperature dependence of translational (*D*~T~) and rotational (*D*~R~) diffusivity of AuNRs measured by DLS. The AuNRs are functionalized with NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes with different molecular weights, and *D*~T~ and *D*~R~ diffusivity are shown in figures (a,b) and (c,d), respectively. The continuous lines are spline interpolation of the data for the eyes.](la8b01289_0004){#fig4}

![Temperature dependence of effective translational (*A*~T,eff~) and rotational (*A*~R,eff~) aspect ratio functions of AuNRs measured by DLS for NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes shown in figures (a,b) and (c,d), respectively. The continuous lines are spline interpolation of the data for the eyes.](la8b01289_0005){#fig5}

In the process of brush collapse the aspect ratio increases by the decrease of brush thickness and *A*~T,R,eff~ functions will increase with temperature as revealed by the results shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. As expected the encoding of brush phase transition will be more intense for larger molecular weight as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d for *M*~n~ = 30 000 g mol^--1^.

The thermodynamic parameters of brush phase transition are dependent on the hydrophilic or hydrophobic end groups.^[@ref33]−[@ref35]^ Hence, the change in brush thickness and therefore, aspect ratio at a given temperature is different for PNIPAm with benzyl or NIPAm-like end groups. This explains the differences between the temperature dependences shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

In the dilute regime of AuNRs, the effective hydrodynamic radius *R*~H~ can be measured in DLS experiment using the Stokes--Einstein approach.^[@ref19],[@ref30]^ The temperature dependence of *R*~H~ for AuNRs with NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The presence of brush temperature-induced phase transition was clearly revealed. This is related to the fact that effective diffusion coefficient depends on the translational and rotational diffusivities and consequently, are more sensitive to the changes in the brush thickness induced by phase transition. Furthermore, for both end-groups, the effective hydrodynamic radius is larger for *M*~n~ = 45 000 g mol^--1^ (NIPAm end group) and *M*~n~ = 30 000 g mol^--1^ (Bn end group) compared with the brushes with lower molecular weight.

![Temperature dependence of the effective hydrodynamic radius obtained from DLS measurements for AuNRs with (a) NIPAm-PNIPAm-SH and (b) Bn-PNIPAm-SH brushes. The molecular weight *M*~n~ values are indicated in the figure legends.](la8b01289_0006){#fig6}

The temperature dependence of brush thickness *z*(*T*) can be obtained from [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The functions *z*(*T*) have a sigmoidal shape corresponding to a temperature-induced phase transition. The fit of the data in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} with a two-state model given by [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} allows the estimation of the brush thickness in the swollen and collapsed states. These values are given in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} as a function of molecular weight. The brush thickness increases with the increasing of polymer molecular weight and are also dependent on the hydrophilic or hydrophobic end groups.

![Temperature dependence of brush height obtained from DLS measurements for AuNRs with (a) NIPAm-PNIPAm-SH and (b) Bn-PNIPAm-SH brushes. The molecular weight *M*~n~ values are indicated in the figure legends. The continuous lines show the fit with [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}.](la8b01289_0007){#fig7}

###### Polymer Brush Thickness for Swollen and Collapsed States Obtained by the Fits of *z*-Temperature Dependences with [Eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}

  sample                               *M*~n~ \[g mol^--1^\]   *z*~swollen~ \[nm\][a](#t3fn1){ref-type="table-fn"}   *z*~collapsed~ \[nm\][a](#t3fn1){ref-type="table-fn"}
  ------------------------------------ ----------------------- ----------------------------------------------------- -------------------------------------------------------
  NIPAm-PNIPAm-SH brushes onto AuNRs   12 500                  4.6                                                   2.0
                                       45 000                  8.3                                                   4.6
  Bn-PNIPAm-SH brushes onto AuNRs      10 000                  3.2                                                   1.1
                                       30 000                  8.7                                                   0.4

The estimated errors are of the order of 10%.

The self-consistent field approximation applied at moderately surface coverage gives for the maximum thickness of polymer brush the following dependence on the molecular weight, that is,^[@ref46]^where *R* is the cylinder radius of curvature and ε = 2 for a cylinder surface with large curvature. The second virial coefficient for the free energy of the system is denoted by ν̅.^[@ref48]^ In the case of NIPAm-PNIPAm-SH brushes onto AuNRs from the data of [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, we can calculate the ratio *z*~swollen~ (*M*~n~ = 45 000 g mol^--1^)/*z*~swollen~ (*M*~n~ = 12 500 g mol^--1^) ≅ 1.80. This ratio evaluated from [eq [20](#eq20){ref-type="disp-formula"}](#eq20){ref-type="disp-formula"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} is about 1.35 that is in agreement with that obtained from DLS measurements. Moreover, thermodynamic parameters characterizing the temperature-induced phase transition of polymer brushes onto AuNRs present in the two-state model, that is, transition temperature and normalized change in the entropy (see [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}) obtained from fits of brush thickness ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) are reported in Table S4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf).

4.4. AuNRs Translational Diffusivity in the Isotropic Concentrated Dispersion by High-Resolution NMR Diffusometry {#sec4.4}
-----------------------------------------------------------------------------------------------------------------

High spectral resolution offered by NMR spectroscopy allows the separate detection of polymer brush peaks and HDO solvent molecules (see Figure S1 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf)). The diffusion decays measured by ^1^H PFGSE high-resolution NMR method^[@ref2],[@ref38]^ for NIPAm-PNIPAm-SH and Bn-PNIPAm-SH polymer brushes used as NMR markers onto AuNRs with concentration of *c*~AuNRs~ = 50 mg mL^--1^ in D~2~O are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a and b, respectively. From the gradient dependence of detected NMR signal given by [eq [17](#eq17){ref-type="disp-formula"}](#eq17){ref-type="disp-formula"}, we can write , where the quantity *b* was varied by steps in the gradient strength. This magnetic field gradient encodes in the phase of stimulated echo the center of gravity position of the nanoparticles, and therefore, the translational diffusivity is the quantity that is measured. The apparent translational diffusivity *D*~T~ of AuNRs can be evaluated from [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, and the values of *D*~T~ for grafted NIPAm-PNIPAm-SH and Bn-PNIPAm-SH polymer brushes for two polymer molecular weights are compared in Figure S4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf). For both PNIPAm brushes with hydrophilic and hydrophobic end groups the AuNR translational diffusivity decreases with the increase of molecular weight of the polymer brush. This is related to the increase in the hydrodynamic drag coefficients of the functionalized AuNRs. The same trend in the evolution of *D*~T~ with *M*~n~ was detected for linear, free NIPAm-PNIPAm-SH, and Bn-PNIPAm-SH in the regime of isotropic concentrated solutions.^[@ref35]^

![Diffusion decays measured by Stejkal--Tanner method^[@ref38]^ using ^1^H high-resolution NMR spectroscopy of the aliphatic spectral region of NIPAm-PNIPAm-SH (a), and Bn-PNIPAm-SH (b) polymer brushes onto AuNRs. The measurements were made at 20 °C.](la8b01289_0008){#fig8}

High-resolution NMR diffusometry gives access to the normalized translational diffusivity given by [eqs [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"} and [15](#eq15){ref-type="disp-formula"} valid for AuNRs in the regime of isotropic concentrated dispersions. In such conditions, the AuNRs stochastic motion is hindered and particles mainly diffuse along the elongated axis of the rods. The temperature dependence of *D*~T~/*D*~T~0~~ ratio, where *D*~T~0~~ is the diffusion coefficient measured at 20 °C, is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. To avoid the adverse effect of AuNRs convection, the diffusivity measurements are limited to the expected region of brushes phase transition temperature.^[@ref35]^

![Temperature dependence of the normalized translational diffusivity for (a) NIPAm-PNIPAm-SH and (b) Bn-PNIPAm-SH polymer brushes onto AuNRs measured by HRNMR diffusometry. The functionalized AuNRs--PNIPAm concentration in D~2~O was *c*~AuNRs~ = 50 mg mL^--1^.](la8b01289_0009){#fig9}

The translational diffusivity of AuNRs having NIPAm-PNIPAm-SH polymer brushes shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a is increasing with temperature similar to that reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a using the DLS method. The temperature dependence is dominated by the factor *T*/η(*T*) and not by the polymer brush phase transition. The same behavior is shown for AuNRs with Bn-PNIPAm-SH brushes. This can be related to the fact that in isotropic concentrated aqueous dispersions the brush interactions with the other AuNRs in the tube has a big contribution to diffusion compared with the interaction between polymer brushes facing away from the AuNR surface and water molecules.

5. Conclusion {#sec5}
=============

The DLS method directly obtains information about the self-diffusion of noble metallic nanoparticles in our case AuNRs, whereas in the case of NMR diffusometry, a polymer marker grafted onto AuNPs is needed. The temperature dependence of AuNRs diffusion in the presence of tethered thermoresponsive brushes in the regime of dilute water dispersions measured by DLS reveals a weak dependence upon temperature-induced phase transition in the case of translational and rotational diffusivities. We demonstrate that rotation diffusion is more sensitive to brush thickness variation than translational diffusion. The highest sensitivity is obtained from effective hydrodynamic radius due to contribution from both translational and rotational diffusion. The modeling of this quantity by hydrodynamic theory of nanorods with small aspect ratio^[@ref30]^ in combination with the two-state approach^[@ref33]^ extended to diffusion^[@ref35]^ allowed us to estimate the temperature-dependent changes in the brush thickness. This quantity depends on the molecular weight and end group of the polymer brush. Furthermore, the influence of polymer brush fluctuations in the swollen state upon the rotational diffusion was not explicitly taken into account.^[@ref49]^

In the case of NMR diffusometry working in the regime of isotropic concentrated solutions the effect of diffusion in a tube have to be taken into account. The strong hydrodynamic interactions between AuNRs orient the rod diffusion along the rod long axis and reduce the diffusivity. Hence, a reduced dependence on the polymer brush phase transition was detected. Nevertheless, the diffusivity of AuNRs with small aspect ratio is depending on the molecular weight of polymer brush and end group functionalization. In general, in the case of NMR methods, the dilute concentration regime is difficult to be investigated due to sensitivity reasons while photon correlation spectroscopy is based on a complex formalism in the presence of nanorods entanglement.^[@ref19]^ The results presented in this work will contribute to better understanding of the transport behavior of asymmetrically shaped nanocomposites employed in many applications.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.8b01289](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.8b01289).^1^H HRMAS spectrum in the aliphatic region of Bn-PNIPAm-SH brushes; ratio *V*~D~2~O~/*m*~AuNRs~ versus Mn for NIPAm-PNIPAm-SH brushes onto AuNRs; ratio r from ^1^H HRMAS NMR spectra versus Mn for NIPAm-PNIPAm-SH brushes onto AuNRs; grafting density σ versus Mn for NIPAm-PNIPAm-SH brushes onto AuNRs; normalized probability of relaxation rates Γ obtained by Inverse Laplace transform of autocorrelation functions *g*~1~(*t*); proton HRMAS spectra of NIPAm-PNIPAm-SH brushes onto AuNRs; transition temperature (*T*~t~) and normalized change in entropy; and translational diffusivities of AuNRs with NIPAm-PNIPAm-SH and Bn-PNIPAm-SH brushes for two molecular weights ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01289/suppl_file/la8b01289_si_001.pdf))
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